We discuss the effect of out-of-plane excess carrier density variations on contact recombination currents extracted from quasi steady state photoconductance (QSSPC) measurements on a dedicated test structure. The test structure features lattices of point contacts. The contacts are thick and non-transparent. Therefore, asymmetric test structures are generally used to ensure a homogeneous in-plane generation rate. As a result, the QSSPC measurements are relatively prone to out-of-plane excess carrier density variations. Their effect on the extracted contact recombination characteristic is discussed theoretically and the theory is confirmed by experiment. The resulting framework contributes to the set of design rules and best practices for contact recombination current characterization using QSSPC measurements on point contact lattice based test structures.
Introduction
We discuss the effect of out-of-plane excess carrier density variations in the context of a recently proposed method for the characterization of contact recombination currents [1, 2, 3] . The method is based on quasi steady state photoconductance (QSSPC) measurements on point contact lattices with different contact fractions. Details of the test structure's lay-out are described in [1, 2, 3] .
In the present work, we arbitrarily consider the case of an n-type wafer with a p + nor high-low junction on both sides, featuring contacts on one side and blanket passivation on the other, the effective lifetime as a function of the contact fraction is expressed as [1] :
, (1) in which is effective lifetime, is bulk lifetime, is saturation current density of passivated junctions, is bulk doping level, is elementary charge, is intrinsic carrier concentration, is quasi neutral bulk thickness, is contact fraction, and is contact saturation current density. Note that a unit ideality factor was assumed implicitly. Alternatively, the contact saturation current density can be extracted from a linear fit of the total saturation current density as a function of the contact fraction [1] :
.
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In properly designed test structures, point contact size and pitch are much smaller than the relevant effective diffusion lengths in order to avoid in-plane injection level variations [3] . Injection level variations in the out-ofplane directions are more difficult to avoid because asymmetric test structures are commonly used. We discuss the effect of out-of-plane excess carrier density variations on saturation current densities extracted using Equations 1 and 2, and give accompanying guidelines to minimize the related parasitic effects.
Experimental
We show saturation current densities extracted on three samples with the same, relatively shallow emitter in Figure 1 a. Measurements are shown for wafers in which oxide openings were covered with metal and for the same wafers after the metal layer had been etched. For the samples after metal etch, the exposed contact regions have a very high surface recombination velocity due to the lack of surface passivation, which mimics the recombination characteristics of the silicon-metal interface. However, due to the absence of metal, any parasitic effects related to current flow through the metal contacts instead of through the semiconductor are avoided [2] . In Figure 1 b, we show for two different samples. Sample a has a relatively shallow boron diffusion with low surface concentration, similar to the samples in Figure 1 a. Sample b has a relatively deep phosphorous diffusion with a higher surface concentration. is for sample a and for sample b, as extracted by Kane and Swanson's method [4] at an injection level of . As shown in Figure 1 a, extracted using Equation 2 is consistently lower than extracted using Equation 1. Also, the extracted values shown in Figure 1 b decrease with increasing excess carrier density, which is more significant for sample a. In the next section, these effects are shown to be related to injection level variations over quasi neutral bulk thickness. Also, extracted using Equation 1 is larger than extracted using Equation 2. This is related to extracted using Equation 1 comprising a contribution due to bulk recombination, and therefore being an upper bound on the true . Finally, extracted on p + diffused samples with metal is lower than extracted on samples without metal. This can be explained by the transfer length being smaller than contact size for the p + diffused samples which results in under estimations [2] . Fig. 1 . a) measurements at on three n-type silicon wafers with the same emitter, for . b) from Eq. 1 as a function of . Samples a and b feature a shallow boron emitter and a deep phosphorous back surface field, respectively.
Theory
Let's consider the application of Equations 1 and 2 when is not constant over the quasi neutral bulk's thickness. When Equation 1 is used for extraction, the ratio of the extracted and actual values of is given by , with the pn product at the bulk side of the space charge region between (partly) contacted junction and wafer bulk.
is the pn product in terms of the average excess carrier density
. In order to derive this notion, we start from the notion that the measured injection level during a QSSPC measurement equals the average injection level in the wafer's quasi neutral bulk, , provided that the injection only varies over wafer thickness. Also, please refer to [3] for a detailed discussion on means for avoiding in-plane injection level variations.
First, we consider the steady state recombination current in passivated and contacted areas separately. Note that because we assume constant in-plane excess carrier concentrations, and because we consider a quasi-neutral region, only current transport in the out-of-plane direction needs to be considered.
Following a basic mass balance, the steady state recombination current in passivated areas is given by:
in which is the average injection level over the wafer thickness, is the injection level at the bulk side of the space charge region at the wafer's fully passivated front, is the injection level at the bulk side of the space charge region at the wafer's partly contacted back, is the effective lifetime in passivated areas, is the volumetric bulk recombination rate, and is the effective surface recombination velocity at the passivated surfaces. The -direction is the out-of-plane direction.
Assuming that the injection level is sufficiently constant over wafer thickness such that bulk lifetime is substantially constant, and using :
Combining Equations 3 and 4 yields:
Again following a basic mass balance, the steady-state recombination current in contacted areas is given by:
which can be rewritten as:
The recombination current in the test structure is the area-weighted average of the recombination current in contacted and passivated areas:
in which is the effective lifetime describing the recombination behavior of the entire test structure. Combining Equations 3 to 8 yields:
Effective surface recombination velocities can, in many cases, be more elegantly written as saturation current densities over a wider range of injection levels:
in which denotes the recombination current at the relevant surface. We may now rework the previous equations to obtain:
For simplicity, we now assume that the recombination current is dominated by recombination near the surface ( negligible), and we use the following notation: a subscript denotes a measured quantity, a subscript denotes the actual quantity, the suffix denotes an arbitrary injection level measurement (application of Equation 1), and the suffix denotes a "high" injection level measurement (application of Equation 2 ). Using the arbitrary injection level technique (Equation 1), the measured value of is found as:
and therefore:
in which , is the pn product at the front surface and is the pn product at the back surface. Using the high injection level technique, is found as:
We now discuss how is influenced by non-constant injection levels. We make the simplifying assumption that is sufficiently small such that the change in the term comprising of Equation 11with (because the injection level ratios vary with ) has negligible influence on the slope of as a function of . Using the arbitrary injection level technique (Equation 1), is found from:
which yields:
For the high injection level technique (Equation 2):
A critical observation derived from this analysis is that saturation current densities extracted using the high injection and arbitrary injection techniques are different when injection levels are not constant over the wafer thickness.
The under estimation results from the fact that the effective surface recombination velocity at a p + nor n + njunction increases with . Therefore, is less constant the higher is. As a result, the ratio , and therefore and extracted from Equation 1, decreases with increasing . A simulation of this effect is shown in Figure 2 a.
In order to provide quantitative examples of the effect of non-constant injection levels on extracted saturation current densities, we solve for the minority carrier concentration over the wafer thickness using Equation 20:
with the position coordinate perpendicular to the wafer plane. A homogeneous generation rate is assumed, and and are taken to be constants. The boundary conditions are the statement that recombination currents at surfaces equal diffusion currents flowing towards those surfaces: ,
in which is an outward-pointing unit vector normal to the surface.
Solving Equation 20 with boundary condition 21 applied to both surfaces (while also substituting the appropriate saturation current density) allows plotting (Figure 2 a) and (Figure 2 b) as a function of . By comparison with Equations 17 and 19, these are the ratios of the measured and actual values of for extraction with the arbitrary injection level technique and for extraction with the high injection level technique, respectively. Note that we made the approximation that is found from the derivative of inverse effective lifetime with respect to whereas in practice, we use a large range for fitting because of enhanced numerical stability.
In the simulations, we take such that , with the saturation current density at the front surface. Also, is varied, with the saturation current density at the back surface. Other parameters used in the simulations are: , , , , and . Note that we merely show at relatively low injection levels for illustrative purposes and we do not intend to suggest that Kane and Swanson's method for extraction [4] should be used at injection levels where Shockley-Read-Hall recombination may significantly affect the injection level dependence of the effective lifetime.
Comparison of Fig. 2 a with Fig. 2 b shows that variations over result in more severe under estimations when Eq. 2 is used compared to when Eq. 1 is used. This is consistent with the experimental results shown in Fig. 1 a. Also, the under estimation is worse at higher , which is consistent with our experimental results shown in Fig. 1 b. Moreover, figures 2 a and 2 b show similar trends. First, parasitic effects due to injection level variations over wafer thickness are more severe for higher , which is consistent with the notion that injection level variations are more pronounced for higher effective surface recombination velocities. Therefore, this parasitic effect can be reduced by reducing the contact fraction (and thereby reducing ). Also, the parasitic effect is more severe at higher injection levels. This is related to effective surface recombination velocities of junctions characterized by constant saturation current densities and unit ideality factor going up with injection level as , with the excess carrier concentration at the surface of interest. In addition, a comparison between figures 2 a and 2 b clearly shows that the effect of injection level variations is generally more severe when saturation current densities are extracted using the high injection level technique, Equation 1, compared to when they are extracted using the arbitrary injection level technique, Equation 2.
In conclusion, non-ideal effects due to injection level variations cause underestimations of saturation current densities. These parasitic effects are more pronounced at high injection levels compared to low injection levels and saturation current densities extracted using the high injection level technique, Equation 2, are more prone to these parasitic effects than saturation current densities extracted using the arbitrary injection level technique, Equation 1. We show that non-ideal effects due to injection level variations over the wafer thickness can be reduced by reducing the contact fraction, and by extracting at lower injection levels. From the discussion in [3] , the parasitic effect can also be reduced by using thinner wafers for test structure manufacture.
Conclusions
We considered the effect of out-of-plane excess carrier density variations on contact saturation current densities extracted from QSSPC measurements on dedicated point contact-based test structures. We showed that the typical decrease of with can be explained by excess carrier density variations over the quasi neutral bulk thickness. In addition, we show that parasitic effects related to excess carrier density variations over the quasi neutral bulk thickness are worse when is extracted using Equation 2 compared to when is extracted using Equation 1. As a result, contact saturation current densities extracted using Equation 1 at relatively low excess carrier densities are the least influenced by excess carrier density variations over the quasi neutral bulk thickness, and are therefore the most correct.
